Abstract. The impulsive noise that the plasma wave and radio astronomy instruments detected during the Voyager 2 swing by Saturn was attributed to dust grains striking the spacecraft. This report presents a reanalysis of the dust impacts recorded by the plasma wave instrument using an improved model for the response of the electric antenna to dust impacts. The fundamental assumption used in this analysis is that the voltage induced on the antenna is proportional to the mass of the impacting grain. Using the above assumption and the antenna response constants used at Uranus and Neptune, the following conclusions can be reached. The primary dust distribution consists of a "disk" of particles that coincides with the equator plane and has a northsouth thickness of 2Az = 962 km. A less dense "halo" with a north-south thickness of 2/Xz = 3376 km surrounds the primary distribution. The dust particle sizes are of the order of 10/am, assuming a mass density of 1 g/cm3. The corresponding particle masses are of the order of 10 -9 g, and maximum number densities are of the order of 10 -2 m -3 . Most likely, the G ring is the dominate source since the particles were observed very close to that ring, namely at 2.86 Rs. Other sources, like nearby moons, are not ruled out especially when perturbations due to electromagnetic forces are included. The calculated optical depth differs by about a factor of 2 from photometric studies. The current particle masses, radii, and the effective north-south thickness of the particle distribution are larger than what Gurnett et al. Thus it was concluded that this noise could not be attributed to plasma waves. Since the noise was of an impulsive nature and the spacecraft was close to the ring plane, the conclusion was drawn that the noise was produced by impacts of particles hitting the spacecraft. The signal is caused by an impact ionization effect that occurs when very small dust grains strike the spacecraft at high velocities. When the dust grain strikes the spacecraft at a relative velocity greater than Copyright 1994 by the American Geophysical Union.
Introduction
On August 26, 1981, the Voyager 2 spacecraft made a close pass by the planet Saturn. The spacecraft crossed the ring plane at a radial distance of 2.86 R s, very close to the G ring. Both the plasma wave and the planetary radio astronomy instruments detected a region of very intense and impulsive noise near the ring plane crossing [Scarf et al., 1982; Warwick et al., 1982] . This noise is similar to noise later detected during the ring plane crossing at Uranus and Neptune [Gurnett et al., 1987 [Gurnett et al., , 1991 Meyer-Vernet et al., 1986; Pedersen et al., 1991] . The spectrum of this noise extended upward to frequencies certainly above the local electron plasma frequency. Warwick et al. [1982] reported that the planetary radio astronomy (PRA) instrument on Voyager 2 also detected an intense event at or near the time of the ring plane crossing. At its peak the event extended from frequencies of 10 Hz or less to approximately 1 MHz.
Thus it was concluded that this noise could not be attributed to plasma waves. Since the noise was of an impulsive nature and the spacecraft was close to the ring plane, the conclusion was drawn that the noise was produced by impacts of particles hitting the spacecraft. The signal is caused by an impact ionization effect that occurs when very small dust grains strike the spacecraft at high velocities. When the dust grain strikes the spacecraft at a relative velocity greater than 
Observations
A good first step before discussing the observations is to review the operation of the plasma wave instrument (PWS). The plasma wave instrument utilizes two antenna elements, each 10 m long and 1.3 cm in diameter. The elements are mounted in a V configuration at an angle of 90 ø with respect to each other. The plasma wave instrument uses the two elements as a dipole (resulting in a 7-m effective antenna length), which means that the instrument responds to the voltage difference between the two elements. This is different from the way the antennas are utilized by the planetary radio astronomy experiment. In the latter case the antennas are used as monopoles, which means that they respond to the voltage difference between the elements and the spacecraft body. The difference in the instrument response will be useful later in the interpretation of the impact signals.
Voltage signals from the antennas are processed in two ways by the plasma wave instrument. First, a 16-channel spectrum analyzer is used to provide absolute voltage intensities in 16 frequency channels from 10 Hz to 56 kHz. There are four channels per decade (i.e., 10.0, 17.8, 31.1, and 56.2 Hz), and their bandwidth is about 10% of the center frequency. Second, a wideband waveform receiver is used to provide waveforms during selected periods between 50 Hz and 10 kHz. The sampling rate is 28,800 4-bit samples per second. Typically, the data waveforms are obtained in 48-s intervals or frames, with each frame containing 800 successive 55.55-ms data blocks. The sampling rate corresponds to 34.7/as between samples. An automatic gain control (AGC) is included in the wideband receiver whose function is to maintain a nearly constant output signal amplitude. The AGC time constant is 0.5 s. Although the automatic gain control destroys information about absolute amplitude, the resulting waveform gives information about relative amplitudes. For a more complete description of the plasma wave instrument, see Scarf and Gurnett [1977] .
As is shown in Figure 1 , Voyager 2 passed through the ring plane close to the planet, just beyond the G ring. Gurnett et al. [1983] . This change is attributed to a small adjustment in the calibration of the plasma wave instrument that occurred after the initial report was published. However, the main features are virtually the same. As can be seen in Figure 2 , the signature of the noise intensity is well defined around the ring plane crossing and exhibits the same characteristics of the noise detected near the ring planes of the two outermost planets. The voltage spectrum at the time of maximum intensity is shown in A few comments would be appropriate abo•it the pulses and how they are recorded by the wideband receiver. Many of the pulses are of small magnitude, thereby falling well within the instantaneous dynamic range of the receiver. However, many of the pulses are stronger and cause clipping as is evidenced in Figures 4c and 4d . The time constant of the automatic gain control is a half second, which is too slow to adjust to the rapid changes of the intensity of the impacts. The automatic gain control responds only to the average signal amplitude. The clipped waveforms are caused by saturation in the receiver. The true waveform is probably best represented by unclipped pulses, i.e., Figures 4a and 4b. The waveform typically exhibits a very rapid rise, with the first peak lasting a few tenths of a millisecond, followed by a somewhat longer second peak of opposite polarity that lasts from a large fraction of 1 ms to several milliseconds. Sheehan form, which is dominated by frequency components in that range. Comparison of the results shown in Figure 5 with the results of Uranus and Neptune [see Gurnett et al., 1987 Gurnett et al., , 1991 shows that the spectra and waveforms are very similar.
Coupling Mechanisms
Possible coupling mechanisms between the dust impact and the electric antenna were discussed by Gurnett et al. [1983] . It was concluded that only impact ionization can produce the observed pulse amplitudes. Impact ionization is fairly well understood. When a small particle hits a solid surface at a sufficiently high velocity, the particle and part of the surface material are vaporized and heated to an extremely high temperature, 10 5 øK. Owing to the high temperature, some of the gas is ionized, thereby producing a small plasma cloud that expands away from the impact site, as illustrated in Figure 
where k is a yield constant that depends on both the velocity of the particle and the composition of both the particle and the target. In the case of Saturn it was shown that k = 0.21 C/g. However, caution should be exercised. This yield constant can only be regarded as a rough estimate, since there are uncertainties in the particle structure and composition, and other unknown factors might cause variations of as much as a factor of 10. of the projected antenna areas. During the Saturn ring plane crossing the ratio of the projected antenna areas was A •/A 2 = 1.82. However, the ratio of the number of positive pulses to the number of negative pulses was R +/R_ = 1.13. Since, to within the statistical uncertainty involved, the first ratio does not correspond to the second ratio, it was concluded that most of the impacts must be taking place on the spacecraft body. The polarity of each pulse is believed to be determined by the relative proximity of the impact site to the two antennas, meaning that the antenna closest to the impact site receives the largest perturbation. In our study the amplitude of the voltage pulse is calculated assuming that a fraction a of the emitted charge Q is collected by one of the antennas, thereby producing a pulse of amplitude Besides the two antennas the spacecraft body can be a very efficient collector of charge, since the plasma cloud is formed very near its surface. In the ideal case of a differential measurement the plasma wave instrument should not respond to a voltage pulse on the spacecraft body. However, a response signal does occur because of imbalances in the antenna and the differential amplifier, but Gurnett et al. [1987] showed that the response signal is much smaller than the pulse amplitude given by (2). Hence only the antenna charge collection mechanism was considered in the present study.
The next issue under consideration is the coupling of the
Since the collection coefficient depends on the potential of the antenna as well as other unknown factors, such as the location of the impact, it is very difficult to estimate the collection coefficient a from fundamental principles. The collection coefficient initially was estimated to be possibly as high as 0.60 [Gurnett et al., 1983 ], but the method used was uncertain. On the basis of the overlap in the dust impact spectra in the PWS and PRA data, Gurnett et al. [1987] 
Impact Rate, Number Density, and Particle

Mass
One of the basic quantities that can be obtained from the waveform data is the impact rate R. By visually inspecting waveforms similar to the ones in Figure 4 , it is possible to count individual impacts and thereby deduce the impact rate. In order to provide a good comparison with Uranus and Neptune, the same computer algorithm that was used in the previous dust studies was utilized again. The algorithm calculates the change between each successive pair of waveform samples and requires the slope of the sum of the two measurements to exceed a preset threshold. The counting threshold is adjusted in such a way as to give good agreement with visual identification of events shown in Figure 4 . Since the slope criterion often generated false events during the oscillatory recovery phase, especially for strongly clipped waveforms, a dead time to was introduced after each event. The dead time is adjusted to be longer for events with steeper slopes, since the receiver takes longer to recover after larger events. The true counting rate R is then calculated from the observed counting rate R', using the following formula and correcting for dead time, Having found the impact rate and using the antenna coupling model discussed in the previous section, we proceed to the next step, which is to estimate the number density and the mass of the impacting particles. The number density n is given by R = nUAsc, involved. The statistical error in the counting rate is only a few percent, and the spacecraft velocity relative to the dust grains is known to within a small fraction of a percent. The greatest uncertainty arises in the estimate of the effective area of the spacecraft. It does not include, for example, the large high-gain antenna, which is made of composite material that has a very low yield constant [Gurnett et al., 1983] . The effective area is believed to be accurate to about 10-20%, which makes the number density estimate of comparable uncertainty. Next we consider the mass threshold of the particles detected by the spacecraft. By combining (1) and (2) the mass can be related to the amplitude of the antenna voltage pulse via the relation rn = V.
In the wideband receiver the automatic gain control continuously adjusts the gain in order to maintain a nearly constant rms output voltage. This results in the threshold voltage V*, the lowest voltage for detecting an impact, being directly proportional to the antenna rms voltage Vrms, or V* = /3 Vrms,
where/3 = 0.51, as it was estimated by Gurnett et al. [1983] . The combination of (8) 
and by using (8) it can be shown that Vrms: 7Z mn'rn.
The pulse durations vary somewhat. These variations, however, are too small compared with the amplitude variations, which means that the pulse duration can be treated as constant, thus r n = r. The averaging time interval T can also be expressed in terms of the total number of impacts N, as N = RT so that (12) becomes Vrm s = Rr • m .
The quantity in the brackets is just the rms mass squared, so (13) . This is not surprising because both our method and theirs take as thickness the region over which a substantial number of particles could be detected. A study is currently under way in order to validate the method used by Gurnett et al. [1983] for deriving the particle mass distribution function and also to derive such functions for Uranus and Neptune.
In the vicinity of Saturn, electromagnetic interactions arise due to the fact that small dust grains become charged by photoemission and electron collection from the ambient plasma. We performed simulations in order to see how the orbit of a charged particle varies owing to the magnetic and gravitational fields of Saturn. The zonal harmonic magnetic field was used, and the oblateness of the planet was included as well [Connerney et al., 1982] . The simulations showed that the motion of larger particles, as seems to be the case in the region sampled by Voyager 2, is almost entirely dominated by gravitational forces; the particles seem to be confined in the same radial distance they started from; and no substantial latitudinal nor longitudinal excursions occur. Since the particles are large enough and since there is no substantial tilt of the magnetic field, the above results were not surprising. If the particles, however, are smaller than a few microns, then electromagnetic effects become more important [Schaffer and Burns, 1987 Voyager 2 crossed the equatorial plane at 2.86 Rs, very close to the G ring. Most likely, the dust particles that were detected by the plasma wave instrument are connected with this ring. By using the best fit Gaussian rate profiles or equivalently, the number density profiles, the columnar number density perpendicular to the equator plane can be computed. The columnar number density K can be shown to be • = ,r $ n dz where n is the particle number density calculated from (6) and (7) [Showalter and Cuzzi, 1993] . Hence a different composition of particles is ruled out as a reason to account for the discrepancy in the optical depth calculations. Another alternative might be the uncertainty concerning the estimation of k. Since we do not know the yield constant for water ice, k had to be estimated from other materials and could be off by up to a factor of 3 or more. We expect the discrepancy issue is going to be resolved by the upcoming Cassini mission where both the cosmic dust analyzer and the PWS instruments are going to provide measurements of the dust environment of the planet. Gurnett et al. [1983] calculated the optical depth to be larger than the optical depth of the current study by an order of magnitude. They derived the optical depth values by using the mass distribution function. The difference in the optical depth values of the current study and of the study by Gurnett et al. is attributed to the value of the charge collection coetficient used. In fact, when the new charge collection coetficient value is used in their approach, v becomes unacceptably large (about 5 x 10-3).
Particles of similar size to those detected at Saturn are destroyed relatively quickly, i.e., within a few thousand years, as a result of shattering by collisions and sputtering by magnetospheric ions [Burns et al., 1984] . This seems to be the case for all outer planets. Since the dust grains are lost so quickly, there must be a suitable source for particle production. The G ring, particularly because of its proximity to the spacecraft trajectory, seems to be a very appealing source. Micrometeoroid bombardment of relatively large ring particles produce small dust grains that diffuse outward. Also, nearby moons might contribute to particle production, i.e., Atlas, 1980S27, 1980S26, Janus, Epimetheus, and Mimas whose radial distances vary from 2.28 Rs to 3.08 Rs. We would like to emphasize the fact that the rrm s = 16.4 /am value for the particle size is an upper limit. It is a certainty that smaller particles also exist in that area. These particles are not being detected because the voltage they are able of inducing is below the threshold that the PWS can record. If the instrument were able to detect all particles, then the total number of impacts N would have been larger, resulting in a smaller Vrm s value in (13) and, consequently, a smaller mrm s value in (14). Other processes, like solar radiation pressure, electrostatic breakup, stochastic charge variations or charge variations due to planetary shadow, etc., might be responsible for transferring particles from even larger distances. The same processes might replenish particles from the region of interest. Radiation pressure, for one, has a noticeable effect on the eccentricities of smaller particle orbits (D. Hamilton, personal communication, 1992). It seems that there are both a source and a sink of particles in the location that was sampled by Voyager 2. All of the above suggest that the Saturnian G ring is a very dynamic system.
